We estimate Cosmic Microwave Background (CMB) polarisation power spectra, and temperature-polarisation cross-spectra, from the 9-year data of the Wilkinson Microwave Anisotropy Probe (WMAP). Foreground cleaning is implemented using minimum variance linear combinations of the coefficients of needlet decompositions of sky maps for all WMAP channels, to produce maps for CMB temperature anisotropies (T -mode) and polarisation (E-mode and B-mode), for 9 different years of observation. The final power spectra are computed from averages of all possible cross-year power spectra obtained using foreground-cleaned maps for the different years. Our analysis technique yields a measurement of the EE spectrum that is in excellent agreement with theoretical expectations from the current cosmological model. By comparison, the publicly available WMAP EE power spectrum is higher on average (and significantly higher than the predicted EE spectrum from the current best fit) at scales larger than about a degree, an excess that is not confirmed by our analysis. Our T E and T B measurements are in good agreement overall with the WMAP ones and are compatible with the theoretical expectations, although a few data points are off by a few standard deviations, and yield a reduced χ 2 somewhat above expectation. As predicted for a standard cosmological model with low tensor to scalar ratio, the EB and BB power spectra obtained in our analysis are compatible with zero.
INTRODUCTION
The Cosmic Microwave Background (CMB), relic radiation emitted when our Universe was about 380,000 years old, provides direct information about the origin and history of cosmic structure. Hence, the current understanding of cosmological evolution is heavily based on observations of the CMB. Over the last two decades, many experiments have accumulated observations of its temperature anisotropies, imprints of the original density perturbations that later on gave rise to the large scale structures observable today. Two very successful space missions, the Cosmic Background Explorer (COBE, Bennett et al. 1996) , and the Wilkinson Microwave Anisotropy Probe (WMAP, Bennett et al. 2003) , complemented by several ground-based and balloon-borne experiments, such as CAT (Baker et al. 1999 ), Boomerang (de Bernardis et al. 2000) , ⋆ E-mail: basak@apc.univ-paris7.fr † E-mail: delabrouille@apc.univ-paris7.fr Maxima (Hanany et al. 2000) , Archeops (Benoît et al. 2003a,b) , CBI (Pearson et al. 2003) , VSA (Dickinson et al. 2004; Rebolo et al. 2004) , ACBAR (Reichardt et al. 2009 ), ACT (Das et al. 2011a,b) , and SPT (Keisler et al. 2011) , to mention just a few, have measured the CMB temperature anisotropies at various angular scales and at various wavelengths. Recently, the Planck collaboration has released a precise measurement of the CMB temperature power spectrum (Planck collaboration XV 2013) which led to an update of the best fit cosmological parameters (Planck Collaboration XVI 2013).
The CMB angular power spectra measured by these experiments strongly support a present cosmological model in which the Universe is spatially flat, with an energy density dominated by the presence of about 70% dark energy and about 30% matter, and in which structure forms from gravitational collapse of primordial adiabatic perturbations in the density of the cosmological fluid. At present, this model does not require the additional admixture of primordial tensor perturbations (gravitational waves), although cosmological scenarios generically predict their existence. The observed CMB anisotropies are connected to the state of the cosmological fluid at recombination in a way that depends on a small set of parameters specific of the cosmological model. CMB observations are of prime importance for constraining these parameters of the model, as well as for testing its internal consistency.
Temperature anisotropies alone, however, do not provide the complete picture of the Universe. Independent information is needed to lift degeneracies between cosmological parameter sets compatible with the CMB temperature power spectrum. Other cosmological probes such as the direct measurement of the present expansion rate (Freedman et al. 2001) , the observation of the expansion history with supernova (Perlmutter et al. 1999; Astier et al. 2006; Guy et al. 2010) , or baryonic oscillations traced by the distribution of galaxies (Eisenstein et al. 2005) , provide complementary constraints (Seljak, Slosar, & McDonald 2006) .
On the side of the CMB itself, additional informations are obtained by measuring CMB polarisation. The CMB is indeed partially polarised due to Thomson scattering of quadrupolar distribution of photons on free electrons at the time of recombination (Rees 1968) , at a redshift zrec of about 1100. Large scale polarisation also arises from the scattering of CMB photons on free electrons after reionisation of the Universe at much lower redshift (zreion < 10). CMB polarisation is an additional observable, which helps disentangling Sachs-Wolfe from Doppler contributions to the anisotropies, makes possible the estimation of individual contributions to the power spectra from scalar and tensor perturbations, and also helps constraining the epoch of reionisation. The amplitude of the polarisation, however, is significantly lower than that of temperature anisotropies, which makes its precise characterisation challenging.
CMB polarisation was first detected at sub-degree angular scales by the DASI ground-based interferometer (Leitch et al. 2005) . It was subsequently measured by Boomerang (Montroy et al. 2006; Piacentini et al. 2006) , Maxipol (Wu et al. 2007 ), CBI (Sievers et al. 2007 ), CAPMAP (Bischoff et al. 2008) , QUaD (Pryke et al. 2009; Brown et al. 2009 ), BICEP (Chiang et al. 2010) , QUIET (QUIET Collaboration et al. 2011) , and the Wilkinson Microwave Anisotropy Probe (WMAP, Nolta et al. 2009; Larson et al. 2011) .
The level of the CMB polarisation (at most a few per cent, depending on the angular scale), however, makes it easily contaminated by foreground emissions from both the Galaxy and extragalactic sources. Galactic emission, in particular, is polarised at the level of a few tens of per cent, i.e. ten times more than CMB anisotropies. The signal to foreground ratio is thus less favourable for polarisation than for intensity, in particular on large angular scales where Galactic synchrotron and dust emissions are strong. Contamination by foregrounds would result in CMB polarisation power spectra larger than predicted by the current cosmological model. For WMAP, the main contaminant is synchrotron emission, but even dust, which has been measured to be polarised at a level that can exceed 10% (Benoît et al. 2004) , is a potential worry.
Hence, contamination from polarised foreground signals has to be removed as much as possible for the accurate measurement of the temperature and polarisation angular power spectrum of the CMB. The effectiveness of a foreground cleaning technique is typically significantly improved by the use of prior knowledge of the emission properties of the contaminant (such as the frequency dependence, typical angular power spectrum of its emission, or availability of external templates). However, since the properties of foreground contamination are poorly known for polarisation (and, in particular , no good template of polarised foregrounds is presently available), it is particularly crucial to develop and use data analysis tools that use only the minimum possible prior assumptions about foreground polarisation.
Among the possible methods for CMB cleaning, the socalled Internal Linear Combination (ILC) method, first proposed for foreground cleaning in the analysis of COBE-DMR data (Bennett et al. 1992) , and discussed subsequently by many authors (see, e.g., Tegmark 1998) , is a simple and effective way to combine multifrequency observations to extract the CMB while rejecting contamination by superimposed foreground signals. This method is based on two reasonably safe assumptions. The first is that the amplitude of CMB emission is frequency independent in thermodynamic units, i.e. that the CMB emission law scales in frequency as the derivative of the blackbody spectrum of the cosmic background. The second is that CMB fluctuations are not correlated to foreground signals. Under these assumptions, the ILC estimates the CMB as a linear combination of sky maps such that the variance of the estimate is minimum, while preserving unit response to the CMB (see, however, the appendix of for a discussion of second order corrections and biases, and Dick, Remazeilles, & Delabrouille (2010) for a discussion of the impact of calibration errors).
Component separation with an ILC method can be straightforwardly implemented either in real space or in harmonic space (Tegmark, de Oliveira-Costa, & Hamilton 2003; Eriksen et al. 2004; Saha, Prunet, Jain & Souradeep 2008; Saha 2011; Souradeep 2011) . Here, as in our previous work Basak & Delabrouille 2012) , we instead implement the ILC on a frame of spherical wavelets, called needlets. This special type of wavelets on the sphere provides good localisation in both pixel space and harmonic space because they have compact support in the harmonic domain, while still being very well localised in the pixel domain (Narcowich, Petrushev & Ward 2006; Marinucci et al. 2008; ). Needlets have already been used in various analyses of WMAP data besides component separation and power spectrum estimation, for instance by Pietrobon et al. (2008) to detect features in the CMB, and by Rudjord et al. (2009) to put limits on the non-Gaussianity parameter fNL.
Recently, we have used a needlet ILC on WMAP 7-year data to obtain an estimate of the CMB temperature angular power spectrum (Basak & Delabrouille 2012) . In the present paper, as a natural extension to this work, we address the problem of measuring the CMB polarisation power spectra, and temperature-polarisation cross-spectra from WMAP 9-year observations as precisely as possible.
The paper is organised as follows: In section 2 we describe the methodology to estimate the CMB using an ILC on wavelet decompositions of multi-frequency sky maps. The implementation of this on WMAP 9-year data, and the results for polarisation power spectra, are described in sections 3, 4 and 5. We conclude in section 6.
NEEDLET ILC ESTIMATE OF CMB
A scalar field on the sphere such as CMB temperature anisotropies is conveniently expanded in usual spherical harmonics:
The CMB polarisation field is usually specified using the Stokes parameters, Q and U , with respect to a particular choice of a coordinate system on the sky in relation to which the linear polarisation is defined. One can conveniently combine the Stokes parameters into the single complex quantity, P± = Q ± iU . Due to its rotation properties, one may expand P±(n) in terms of spin-2 spherical harmonics, ±2Ylm(n) (Goldberg et al. 1967) , as:
The description of CMB polarisation, however, traditionally makes use of two scalar fields that are independent of how the coordinate system is oriented, and are related to the Stokes parameters by a non-local transformation (Zaldarriaga & Seljak 1997; Kamionkowski, Kosowsky, & Stebbins 1997) . One of the fields, traditionally denoted as E, has even parity, whereas the other one, B, has odd parity (and hence is pseudo-scalar, rather than scalar). In harmonic space, the E and B modes of CMB polarisation are related to the complex polarisation fields P± as,
and
Hence, one can fully characterise CMB anisotropies using three Gaussianly distributed random scalar fields (T , E and B), without loss of information. In the following, maps of Q and U are converted into maps of E and B by expansion onto spin-2 spherical harmonics, followed by an inverse spherical harmonic transform for E lm and B lm independently.
The CMB data model
Denote X OBS,c (n), (X = T, E, B) full-sky, multi-frequency temperature anisotropy and polarisation maps of the sky in nc different frequency bands (channels), such as those provided by WMAP. The observed signal X OBS,c (n) in channel c can be modelled as,
where X SIG,c (n) is the signal (sky) component, itself decomposed in the sum of CMB and foreground components,
a c being the CMB calibration coefficient for the channel c. Up to calibration uncertainties, a c = 1 for all WMAP channels. If, in addition to WMAP data, we use external data sets which serve as foreground templates to help foreground subtraction, as done in the present work, the coefficients a c vanish for such data sets (i.e. the ancillary maps contain no CMB anisotropies).
The beam function b c (n.n ′ ), represents the smoothing of the signal due to the finite resolution of the observations. Assuming for simplicity that the beams are circularly symmetric (a good approximation for WMAP data), b c (n.n ′ ) depends only on the angle θ = cos −1 (n.n ′ ) between the directionsn andn ′ , and can be expanded in terms of Legendre polynomials,
The last term, X N,c (n), in equation (5) represents the detector noise in channel c, and is not affected by the beam function. For a spherically symmetric beam, equation 5 can be recast straightforwardly in the spherical harmonic representation, as:
where X lm stands for the three modes T lm , E lm and B lm of temperature and polarisation in harmonic space.
Implementation of the needlet transform
Considering that each channel observes the sky at a different resolution, the maps are first convolved/deconvolved, in harmonic space, to the same resolution:
Each of these maps X c lm is then decomposed into a set of filtered maps X c,j lm represented by the spherical harmonic coefficients,
where the filters h j l , serving for localisation in the harmonic space, are chosen in such a way that
The reconstruction of the original maps X c lm from the collection of the filtered maps X c,j lm , representing each a different scale, is performed using the same set of filters. In terms of h j l , the spherical needlets are defined as,
where {ξ jk } denote a set of cubature points on the sphere for scale j. In practice, we identify these points with the pixel centres in the HEALPix 1 pixelisation scheme (Górski et al. 2005) . Each index k corresponds to a particular HEALPix pixel, at a resolution parameter nside(j) specific to that scale j. The cubature weights λ jk are inversely proportional to the number Nj of pixels used for the needlet decomposition, i.e. λ jk = 4π N j . The needlet coefficients for CMB fields X(n) are denoted as,
The linearity of the needlet decomposition implies that the needlet coefficients β c jk corresponding to the filtered map obtained from the harmonic coefficients X c,j lm are a linear combination of the needlet coefficients of individual components and noise at HEALPix grid points ξ jk :
where,
Implementation of the needlet ILC
The ILC estimate of needlet coefficients of the cleaned map is obtained as a linearly weighted sum of the needlet coefficients β c jk ,
where ω c jk is the needlet weight for scale j and frequency channel c, at the pixel k of the HEALPix representation of the needlet coefficients for that scale. Under the assumption of decorrelation between CMB and foregrounds, and between CMB and noise, the empirical variance of the error is minimum when the empirical variance of the ILC map itself is minimum. The condition for preserving the CMB signal during the cleaning is encoded as the constraint:
The resulting needlet ILC weights ω c jk that minimise the variance of the reconstructed CMB, subject to the constraint that the CMB is preserved, are expressed as:
where indices c and c ′ of elements of the matrix R −1 jk and of the vectors ω jk and a are written down explicitly for clarity.
More compactly, we have:
where ω jk is the vector of ILC weights to be applied to the needled coefficients of all input observations at scale j and in pixel k, a is the CMB 'mixing vector' (a vector of nc entries all equal to unity for inputs in thermodynamic temperature), and R
−1 jk
an estimate of the inverse covariance of the needlet coefficients of the nc observations at pixel k of scale j.
The NILC estimate of the cleaned CMB needlet coefficients is:
The elements of the covariance matrix for scale j at pixel k, R 
where the weights wj(k, k ′ ) define the domain D k . A sensible choice is for instance wj (k, k ′ ) = 1 for k ′ closer to k than some limit angle, and wj (k, k ′ ) = 0 elsewhere, or alternatively, wj(k, k ′ ) shaped as a Gaussian beam of some given size that depends on the scale j (which is what we do here).
Finally, the NILC estimate of the cleaned CMB map can be reconstructed from cleaned CMB needlet coefficients using the same set of filters that was used to decompose the original maps into their needlet coefficients. The NILC CMB map is then
with
where the harmonic coefficients residual foreground (X RFG lm ) and residual noise (X RN lm ) are given by:
Equations 22 and 23 imply that the NILC estimate of CMB contains some residual foreground and noise contamination.
WMAP 9-YEAR NEEDLET ILC MAP
The WMAP satellite has observed the sky in five frequency bands denoted K, Ka, Q, V and W, centred at 23, 33, 41, 61 and 94 GHz respectively. After 9 years of observation, the released data includes temperature anisotropy and polarisation maps obtained with ten difference assemblies, for 9 individual years. One map is available, per year, for each of the K and Ka bands, two for the Q band, two for the V band and four for the W band. These sky maps are sampled using the HEALPix pixelisation scheme at a resolution level (nside= 512), corresponding to approximately 3 million sky pixels.
We work on band-averaged maps of T , E and B for the five frequency bands, complemented, for temperature only, by three foreground templates (dust at 100 microns, as obtained by Schlegel, Finkbeiner, & Davis (1998) , the 408 MHz synchrotron map of Haslam et al. (1981) , and the composite all-sky H-alpha map of Finkbeiner (2003) ). All sky maps are convolved/deconvolved in harmonic space, to a common beam resolution (full width at half maximum (FWHM)= 13.2). Each of these maps is then decomposed into a set of needlet coefficients. For each scale j, needlet coefficients of a given map are stored in the format of a single HEALPix map at degraded resolution. The filters h j l used to compute filtered maps are shaped as follows:
For each scale j, the filter has compact support between the multipoles l j min and l j max with a peak at l j peak (see figure 1 and table 1). The needlet coefficients β X jk are computed from these filtered maps on HEALPix grid points ξ jk with resolution parameter nside equal to the smallest power of 2 larger than l j max /2. The estimates of needlet coefficients covariance matrices, for each scale j, are computed by smoothing maps of products of needlet coefficient β c jk β c ′ jk with Gaussian beams. In this way, an estimate of needlet covariances at each point k is obtained as a local, weighted average of nearby needlet coefficient products. The full width at half maximum (FWHM) of each of the Gaussian windows used for this purpose is chosen to ensure the computation of the statistics by averaging about 1200 samples or more, resulting from a trade-off between the localisation of the estimates (which requires small windows), and the accuracy of the estimate (which require large windows). Choosing a smaller FWHM results in inaccuracy in the covariance estimates, Figure 1 . The broken lines show the needlet bands used in the present analysis. The solid black line shows the normalisation of the needlet bands, i.e. the total filter applied to the original map after needlet decomposition and synthesis of the output map from needlet coefficients.
and hence ILC bias. Choosing a larger FWHM results in less localisation, and hence loss of effectiveness of the needlet approach.
Using these covariance matrices, ILC weights are computed for each of T , E and B, for each scale j and for each pixel k of the needlet representation at scale j. For each of T , E and B, a full sky CMB map, at the resolution of the WMAP W channel, is synthesised from the NILC needlet coefficients.
WMAP 9-YEAR NEEDLET ILC SPECTRUM
As already mentioned above, the foreground-cleaned maps of T , E and B obtained in this way are not fully exempt from contamination by residual foregrounds and noise. The recovered CMB map (T , Q and U ) at 60 arcmin resolution is displayed in figure 2 . Residual foreground contamination, albeit small, is visible along a narrow strip on the Galactic plane of these maps. Noise contamination is seen from the larger variance of the polarisation maps away from the ecliptic poles. Note, however, that these maps have been obtained with no masking whatsoever of the original data sets. We rely on the localisation provided by the needlets to avoid more contaminated sky areas to impact the reconstruction of the CMB over the rest of the sky. That choice, even if probably sub-optimal, is easy to implement, and turns out to be good enough for the analysis of WMAP observations.
Minimisation of the impact of noise
Noise biasing in our estimated power spectra is avoided by producing, for each of T , E and B, an independent CMB map for each of the 9 individual years of observation. All maps, however, are obtained using the same set of needlet weights, determined using the co-added 9 year observations. To avoid the bias induced by residual instrumental noise in the maps, we compute the CMB power spectra exclusively from cross-products between maps from different years. Each data point in our spectra is thus obtained as an average of all possible cross-year spectra (72, although in the case of EE and BB half of those are strictly identical to the other half). We take into account the correlation between Figure 2 . The NILC estimate of temperature anisotropies(top) and, Stokes parameters Q (middle) and U (bottom) of CMB obtained by implementing the NILC on the 9-year band average maps, at nside = 512 and degraded to 60 arcmin resolution.
errors in the 72 cross-spectra estimates for the final average spectrum (see appendix for details).
Minimisation of the impact of foregrounds
Unlike the residual noise, the residual foreground emission in each of 9 cleaned maps is the same, as each map observes the same sky emission, and is produced using the same linear combination for all years.
We use the conservative temperature 2 and polarisation 3 analysis masks provided by the WMAP collaboration, applied directly on the CMB maps after the needlet ILC. We choose this option (rather than masking before the ILC) so that we produce full sky CMB maps that can also be used 2 http://lambda.gsfc.nasa.gov/data/map/dr5/ancillary/masks/wmap tempearture kq85 analysis mask r9 9yr v5.fits 3 http://lambda.gsfc.nasa.gov/data/map/dr5/ancillary/masks/wmap polarization analysis mask r9 9yr v5.fits for other purposes than power spectrum estimation. In order to correct for the sky fraction we use here the MASTER method (Hivon et al. 2002) to compute the power spectrum.
The effectiveness of the NILC
The NILC approach automatically adjusts weights of the linear combination input sky maps as a function of sky area and of angular scale (i.e. in regions of pixel-scale space), to minimise the overall contamination by any signal that does not have the expected colour of the CMB. This includes astrophysical foregrounds, but also instrumental noise and even residual additive systematic effects. For instance, in a pixel-scale region where instrumental noise dominates the error in the observations (i.e. with negligible foregrounds), the NILC is in effect equivalent to a noise-weighted average of all WMAP maps. All the ILC weights are positive, proportional to the inverse of the noise power of the various channels in that region.
On the other hand, in a pixel-scale region significantly contaminated by foregrounds, the NILC coefficients adjust themselves automatically to minimise the total variance of the error, i.e. use positive and negative coefficients to cancelout the foregrounds (in a compromise between noise and foreground contamination).
Finally, the NILC is even effective at minimising the contamination by unknown additive residual systematics. Imagine that one particular channel suffers from such residuals in one particular pixel-scale region. The NILC will automatically minimise the weight of that particular channel in the linear combination for that region (and, possibly, the weight of another channel in another region, if that turns out to be necessary).
Impact of calibration errors
An important assumption of the ILC is that the frequency scaling of the CMB is known. However, calibration coefficients for each channel, which are a multiplicative factor for each frequency, introduce an uncertainty in the frequency scalings of the CMB component in the presence of calibration errors (Dick, Remazeilles, & Delabrouille 2010 ). This effect is particularly strong in the high signal to noise ratio regime. Considering the relatively low signal to noise of WMAP polarised maps, this issue can safely be ignored here.
Beam uncertainties induce similar biases as calibration uncertainties, except that these biases are scale dependent. Here again, such biases are not the main source of error in our final polarisation spectra, as their impact is small in comparison to the uncertainties due to instrumental noise for polarisation measurements with WMAP.
These issues, connected to the exact response of the detectors, however, will require specific attention with upcoming more sensitive observations of the polarised CMB, if our method is to be used for the analysis of these future data sets.
Noise-weighting
Residual noise in our CMB maps is inhomogeneous, primarily because of non-uniform sky coverage, with higher number of observations in the directions of ecliptic poles and rings at 45
• ecliptic latitude. At multipoles where noise is the main source of error, there is advantage to weighting the maps with the inverse noise variance for computing the power spectrum. This amounts to giving more weight in the final spectrum estimate to regions of the sky less contaminated by noise. At large angular scales, however, cosmic variance dominates, and it is preferable to use uniform weighting.
Considering this, we compute all power spectra using both schemes, for all multipole bins. In practice, the map of weights for the noise-weighted scheme is obtained using the map of number of hits of the W-channel (maps for all channels are similar).
For both cases (noise weighted and uniform weighting), we compute the error bar on our estimate of CMB power spectra as described in the appendix. We then pick, for the final power spectrum, that of the two with the lowest variance. In the case of T E and T B, the uniform weighting is better in the first 24 multipole bins (below l = 317). For EE, BB and EB, the noise-weighted estimate is better in all multipole bins.
An alternative to this noise-weighting method would be to use the optimised needlet weighting approach investigated for intensity maps in a method paper by Faÿ et al. (2008) , which pushes the optimisation yet one step further and is used in our previous analysis of WMAP intensity maps (Basak & Delabrouille 2012 ). However, the extra complication involved is not necessary here, as it does not make much difference for a data set in which the noise is not too inhomogeneous (as is the case in the present data set).
Results
We now present the estimated polarisation power spectra and temperature-polarisation cross power spectra obtained on the basis of WMAP 9-year observations. The error bars in our estimates (see appendix for details) include the total statistical error of the estimator (noise and cosmic variance terms). The measurement of the variance of CMB power spectra, requires an estimate of the power spectrum of the esidual noise present in NILC-CMB maps (see Appendix for details). This estimation could be made with a blind method such as SMICA (Delabrouille et al. 2003; Cardoso et al. 2008) , which provides a maximum-likelihood multi-component fit to an empirical estimate of the multivaried power spectrum of several independent observations of CMB contaminated by foegrounds and noise. Here, we perform a simpler estimation in three steps. First, we average all possible single-year measurements power spectra, corrected for the effect of the mask using the MASTER method. Then, we estimate the noise level from the difference of this measurement based on on-diagonal terms, and of the CMB power spectrum inferred from off-diagonal terms in the maps covariance. Finally, we obtain the variance of CMB power spectra from this together with best-fit theoretical power spectra, using equation 40. We correct our error estimates for partial sky coverage by dividing the variance of measured angular power spectra by the corresponding sky fraction (equation 41 and 42) . 4.6.1 EE angular power spectrum Figure 3 shows the estimated auto-angular power spectrum for the E-mode of CMB polarisation. Our estimated E-mode CMB power is lower than that obtained by the WMAP collaboration 4 , in all of the multipole bins, and in better agreement with the theoretical expectations (assuming the cosmological model is correct) (see table 2 ). The systematic difference between our measurement and that of the WMAP team is presently not understood. We suspect that their estimate is contaminated by residual foreground emission or systematics. Figure 4 shows the estimated cross-angular power spectrum for temperature anisotropy of CMB and E-mode of CMB polarisation. The power spectrum obtained using our analysis is in good agreement with that provided by the WMAP collaboration 5 and with the WMAP best-fit model (see table  3 ). 
T E cross-spectrum

T B cross-spectrum
Our result for the T B cross-spectrum, compared to the WMAP collaboration one 6 , is shown in figure 5 . Theoretically, this cross-spectrum is supposed to vanish (to preserve the parity symmetry), and significant departure from zero would be the sign of either unknown systematics in the measurement (including residual foregrounds), or new physics. Our measurement is indeed compatible with zero (see table 4).
EB cross-spectrum
The WMAP collaboration has not provided cross-angular power spectra for E and B-modes of CMB polarisation. Our estimated EB cross-power spectrum, displayed in figure 6 and tabulated in table 5, is compatible with zero as expected from the current cosmological best-fit model.
BB angular power spectrum
Finally, the power spectrum of CMB B-modes is of special interest, as it provides one of the most promising means of detecting primordial tensor modes in the early universe, and constrain models of inflation. Significant effort is currently undertaken to prepare the measurement of B-modes with a future space mission. One such mission, the Cosmic Origins Explorer (COrE) 7 , has been proposed to ESA within Cosmic Vision 2015 -2025 (The COrE Collaboration et al. 2011 . Missions with similar objectives, but different designs, have been proposed to NASA (see, e.g., Baumann et al. 2009 ). Contamination by foregrounds is one of the main worries for this measurement, and the investigation of the severeness of the contamination, as well as the development and validation of component separation methods adapted to the challenge of measuring CMB B-modes, has focused significant attention recently (Tucci et al. 2005; Stivoli et al. 2006; Amblard, Cooray, & Kaplinghat 2007; Betoule et al. 2009; Dunkley et al. 2009; Efstathiou, Gratton, & Paci 2009; Stivoli et al. 2010) . Clearly, the WMAP mission lacks the sensitivity to place a strong limit on the B-mode polarisation. While our result does not show any detection of B-modes (see figure 7 and table 6), one of the points provided by the WMAP collaboration 8 , in the first multipole bin, is significantly discrepant.
It is difficult for us to comment on the origin of this discrepancy, as we do not exactly know how the WMAP error bars are obtained. It may be that the WMAP data points published on the LAMBDA website neglects noise correlations, or possible residual systematics or foregrounds. The exact meaning of the posted error bars should probably be clarified by the WMAP team. Our estimated error bar, based solely on the dispersion of the data points used to generate the binned power spectrum, seems to be more robust in that respect.
We are confident that our method, which has been also tested on realistic simulations, is more effective for reducing foregrounds than simple masking or template decorrelation. On simulations of future observations with COrE, we have shown that it allows to reject foreground contamination effectively enough to measure tensor to scalar ratio of 10 −3 , limited by the sensitivity of the observations rather than foreground contamination.
GOODNESS OF FIT VALUES
Finally, in order to demonstrate how well our measurements fit with WMAP 9-year best-fit ΛCDM model, we have computed reduced χ 2 values to estimate the goodness of fit of our estimates per multipole bin for each angular power spectrum. In principle a value of goodness of fit per multipole bin equal to unity indicates that the extent of the match between observations and estimates is in agreement with the error variance. Table 7 shows good compatibility of our measured spectra with the best-fit cosmological model. The goodness of fit values shown in the first two columns of this table are obtained from the measured CMB power spectra and their errors for all multipoles under consideration. However, the CMB likelihood is non-Gaussian at large angular scales and hence, the use of simple χ 2 statistics is sub-optimal at such low multipoles. Hence, the goodness of fit values, obtained from the same measured power spectra and their errors for multipoles greater than 23, are tabulated in the last two columns of table 7 for comparison. In either case, our measurement of EE and BB spectra is in significantly better agreement with the WMAP best-fit model than that provided by WMAP collaboration, while T E and T B are marginally discrepant with the WMAP best fit model, with a reduced χ 2 of order 1.4 for 34 degrees of freedom (due in particular to a few points several sigmas away between l = 10 and 40). A complete investigation of this requires a more accurate model of the measurement, and in particular of correlated errors, and is beyond the scope of the present paper.
CONCLUSIONS
In this work, we have computed CMB power spectra for polarised WMAP observations. CMB polarisation maps are obtained from WMAP observations using linear combinations that minimise the variance of the recovered CMB on spherical wavelet (needlet) domains, that are subsequently used to compute CMB power spectra.
Our analysis differs substantially from that of the WMAP team: we use all WMAP channels, use a needlet ILC over the full range of harmonic modes, and produce 9 independent maps for each of T , E and B, from the different years of observation. Our estimated error bars do not rely on a model of the WMAP noise, but instead are computed directly from the estimated same-year power spectra (9 in our case) and cross-year power spectra (36 in case of EE and BB spectra, and 72 in case T E, T B and EB spectra).
We find that our EE power spectrum is in excellent agreement with the expectations from the current cosmological model, while the 9-year WMAP EE spectrum available publicly on the Lambda web site 9 seems to be systematically higher. Similarly, on very large scale, our BB power spectrum is consistent with zero, while the 9-year WMAP BB spectrum in first multipole bin is not compatible with zero.
The agreement of our T E and T B measurements with the WMAP ones and with the theoretical best fit model are good, but not perfect. The origin of the discrepancy is not fully understood. Finally, our measurements of the EB spectra are compatible with zero, as expected for a standard cosmological model.
APPENDIX
Suppose we have M measurements (one measurement per year of observation) of the full sky CMB, such that each of these measurements contains the same signal which comprises the true CMB and residuals of foreground emission and noise. The (residual) noise in these measurements is statistically independent from year to year. The harmonic coefficients of these measurements are expressed as, 
The average of all cross-year measurements of angular power In equation 39, the first term is an unbiased estimator of the sum of the angular power spectra of signal and residual noise, and the second term an unbiased estimator of the angular power spectra of signal only.
Then, the estimator for V XY l is constructed by replacing S l and N l with the best-fit theoretical power spectrum C l,th and the estimated noise power spectrum N l respectively in equation 38. 
In practice, the auto and cross angular power spectra are obtained from observed NILC CMB maps after applying a mask. These angular power spectra are corrected for the mask using the MASTER method (Hivon et al. 2002) before using them to measure residual noise power spectra. The estimated variance is divided by the sky fraction f sky , as the effective number of modes for an arbitrary multipole l, is now (2l + 1)f sky instead of (2l + 1) (even if residual noise power spectra is corrected for the mask). f sky is estimated as the average value of the product of the two masks used, e.g. for C T X l (X being E or B) we use:
where mT (n) and mP (n) are the masks for the temperature and polarisation respectively (including noise weighting modulation when necessary, i.e., for the noise-weighted estimates the masks are real-valued, not just binary masks). For C XY l (X and Y being each either E or B) we use:
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